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SUMMARY 


The deceleration of air from supersonic velocities 
in channels has been studied. It has become apparent 
that a normal shock in the diverging part of the diffuser 
is probably necessary for stable flow, and ways of mini- 
mizing the intensity of this shock have been developed. 

The effect of various geometrical parameters, especially 
contraction ratio in the entrance region, on the perform- 
ance of supersonic diffusers has been investigated. 

By the use of these results, diffusers were designed 
which, starting without initial boundary layer, recovered 
90 percent of the kinetic energy in supersonic air streams 
up to a Mach number of 1.85* 
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The available data on supersonic diffusers are very 
meager and are reviewed by Croeco in reference 1. This 
review indicates that, in' the deceleration of air from 
supersonic velocities, the total-head losses are so large^ 
as to impair seriously the efficiency of machines employing 
this process. The experiments reported in reference 1 were 
primarily designed to serve the needs of supersonic wind 
tunnels, and therefore only diffusers starting with initial 
boundary layer were considered. 
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PLOW IN A SUPERSONIC DIFFUSER 


Stabi lity. - In a Laval nozzle the gases start at a 
low velocity, are accelerated to the velocity of sound in 
the converging part of the nozzle, and are accelerated to 
supersonic velocities in the diverging part of the nozzle. 
The supersonic velocities reached can be calculated approx- 
imately from the isentropio-mass-f low curve of figure 1 and 
the geometry of the nozzle. It is well known that, for 
shocit-free flow, experiment is in good agreement with this 
one “dimensional isentropic theory although, since the 
boundary layer thickens in the diverging part of the nozzle, 
the Mach numbers reached may be a little lower than the 
values calculated. Two-dimensional nozzles can be designed 
by the Frandtl-Busemann method (reference 2) to give 
essentially shock-freo expansions, which can be obtained 
experimentally provided no moisture-condensation effects 
are present . 

It might be. supposed that the flow in a nozzle designed 
by the. Prand'tl-Busemann method could be reversed and, if 
proper allowance were made for boundary- layer displacement 
thickness, a smooth deceleration through the speed of 
sound obtained. A flow of this type is, however, unstable 
in the sense that it is unattainable in practice. Consider 
that a flow of this type has been established. (See 
fig. 2(a).) in this flow pattern the mass flow per unit 
area through the throat is the maximum possible for the 
given state and velocity of the gas entering the diffuser. 

As long as the flow entering the diffuser is supersonic, 
the entering mass flow would be unaffected by events down- 
stream. A transient disturbance propagated upstream from 
the subsonic region would, however, reduce the mass flow 
at least temporarily in the velocity-of -sound region. 

Thus, a disturbance would result in an accumulation of 
air ahead of the throat. The perturbation of the original 
isentropic flow produced by this accumulation of air would 
prevent the mass flow from returning to its initial max- 
imum value; thus, air would continue to accumulate ahead 
of the throat until the mass flow entering the diffuser 
was reduced. In the case of a supersonic diffuser immersed 
in a supersonic stream as in the experimental arrangement 
described later, this would necessitate the formation of 
a normal shock ahead of the diffuser and, in other arrange- 
ments, would likewise necessitate drastic changes in the'"’ 
flow pattern. From the discussion of the starting of 
supersonic flows in diffusers given later, it will be seen 
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that these changes are irreversible (certainly in the 
experimental arrangement described later end probably in 
most ether arrangements). It therefore appears that 
isentropic deceleration through the speed of sound in 
channels is unstable and unattainable in practice. 

In a series of preliminary attempts to produce an 
approximation to isentropic deceleration through the speed 
of sound, it was found that supersonic flow could not be 
stax*ted into diffusers designed to produce this flow. In 
diffusers with a larger throat area., the normal shock 
jumped from a position ahead of the diffuser to a position 
in the diverging part of the diffuser. Plows of the type 
shown in figure "2(b), which involve a normal shock in the 
diverging part of the diffuser, were found to oe stable. 

Contraction ratio and losses.- An important part of 
the losses" in a s uplTr so'n i’c'' - ' diffuser are associated with 
the dissipation accompanying the normal shock in the 
diverging part of the diffuser. It is therefore important 
to consider the factors that determine its intensity. As 
in a Laval, nozzle, the position of the shock wave is 
controlled by the back pressure on the diffuser end moves 
upstream as the back pressure is increased. When the back 
pressure forces the shock to a point close to the minimum 
area of the diffuser, the shock Mach number approaches 
its lowest value and the associated losses are minimized. 
The magnitude of these minimum losses depends upon how 
much the sir entering the diffuser is slowed up by the 
time it reaches the minimum cross section. The more the 
entrance area of the diffuser can be contracted, the lower 
the Mach number of the normal shock and the greater the 
efficiency of the diffuser. It is therefore valuable to 
consider whet determines the maximum contraction ratio 
that can be used. (Contraction ratio is defined as the 
ratio of the area at the entrance of a diffuser to the area 
at its minimum section. See fig. 2(b).) 

In most applications., the establishment of supersonic 
flow is preceded by a normal shock traveling downstream. 

If this normal shock is’ to move into the diffuser at a^ 
given entrance Mach number and tnus establish superspmc 
flow, the throat of the diffuser must be large enough to 
permit the passage of the mass flow in a stream tube 
having an area that corresponds to the entrance area of 
the diffuser end a total head that corresponds to the 
value behind a normal shock at the entrance Mach number. 
Thus, if the throat area has a minimum value for a given 
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entrance Mach number, the Mach number at the throat will 
be close to 1 when there is a normal shock ahead of the 
diffuser. An approximation to the contraction ratio that 
produces this condition can be found from conventional 
one -dimensional -flow theory. The conditions after the 
normal shock are known from the usual normal-shock equations 
and it is necessary merely to find the stream tube contrac- 
tion, which increases the Mach number at the throat to 1. 
Since the mass flow per unit area at the Mach number of 1 
for a given stagnation temper ature is proportional to the 
total head, the maximum permissible contraction ratio is 
equal to the contraction ratio that would be required for 
an isentropic compression to the Mach number of 1 (from 
the initial supersonic conditions) multiplied by the 
total-head ratio across the normal shock. The maximum 
theoretical contraction ratio that permits starting of 
supersonic flow is computed in this way in appendix A and 
is shown in figure 3* If the throat area were reduced 
after supersonic flow had been established or if the flow 
through the diffuser were started by temporarily increasing 
the entrance Mach number to a value greater than the 
design value, a less intense shock and lower losses could 
probably be obtained. In these cases, tne lowest limit 
of the shock intensity would be provided by stability 
considerations. 

For diffusers in which the geometry (particularly 
the throat area) cannot be varied and in which the super- 
sonic flow cannot bo started by temporarily increasing the 
entrance Mach number, the minimum-loss diffusion occurs 
with the shock just down stream, from the minimum section. 

The Mach number preceding such a shock (with isentropic 
flow assumed) can be found from the computed contraction 
ratio (fig. 3 ) and equation (2) of appendix A. The total- 
head loss across a normal shock at this Mach number 
(equation ( lx ) , appendix A) is then an approximation to 
the minimum losses (with boundary-layer losses neglected) 
in a supersonic diffuser subject to the foregoing starting 
restrictions. The performances of diffusers obtained in 
this way are given in figure )q. 

It should be pointed out that these theoretical 
considerations are derived with the tacit assumption that 
conditions in a plane perpendicular to the axis of the 
channel are constant; that is, one-dimensional flow is 
assumed. For example, the occurrence of oblique shocks 
at the entrance of a diffuser would slightly alter those 
conditions; in particular, the normal shock in the diverging 
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part of the diffuser would have a somewhat reduced 
intensity and the theoretical efficiency wouldtoe some- 
what higher. It i3 considered, however, that the general 
features would not be much altered by the departures from 
one-dimensional flow that would occur in diffusers such 
as those discussed in the experimental part of this report 


EXPERIMENTAL TECHNIQUE 


In order to investigate experimentally the properties 
of constant-geometry supersonic diffusers, the apparatus 
shown schematically in figure 5 was designed and con- 
structed. The settling chamber was connected to a supply 
of dry compressed air controlled by a valve in such a way 
that the chamber pressure could be held constant at any 
desired value. The air left the chamber through inter- 
changeable two-dimensional nozzles that were designed to 
give parallel flow at various desired Mach numbers. The 
feather-edge tip of the diffuser (fig. 6) was held in the 
center of the supersonic jet ac the exit of the nozzle. 

The experimental arrangement was designed to study the 
operation of supersonic diffusers that started without 
initial boundary layer. This condition was studied for 
two reasons; (1) It is the. simplest defined boundary- 
layer condition to obtain experimentally, and (2) it is 
considered to approximate more closely than any other the 
boundary- layer conditions that occur at the entrance to 
supersonic diffusers used in compressors. A long sub- 
sonic diffuser cone behind the supersonic diffuser tip 
was provided to complete the diffusion process. The valve 
behind the cone was used to control the back pressure in 
the subsonic portion of the diffuser and an orifice was 
used tc measure the mass flow through the diffuser. The 
surface in the supersonic diffuser tips was machined 
steel, whereas the cone in the subsonic portion was rolled 
and finished heavy sheet steel. 

In order to compare the efficiencies of the various 
diffuser combinations tested, two quantities were required 
(1) the percentage o.f the total head that the diffuser 
recovered and (2) the entrance Mach number at which the 
diffuser attained this recovery. 

Because the losses in well-designed supersonic 
nozzles are small, the absolute pressure in the settling 
chamber was assumed to be the total head before diffusion. 
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This pressure was measured with a large mercury manometer. 
The total head after diffusion can be assumed equal to the 
static pressure at the end of the subsonic diffuser cone 
without appreciable error, inasmuch as the kinetic energy 
at the end of the cones was of the order of 0.16 percent 
of the entering kinetic energy. A mercury manometer was 
used to measure the difference between the total heads 
before and after diffusion. These two measurements were 
sufficient to determine the percentage of total head 
recovered. 


The mass flow per unit area, and the stagnation con- 
ditions are sufficient to determine the Mach number at 
any point. (See equation (2), appendix A.) The Mach 
number at which a diffuser was operating was determined 
by measuring the mass flow through the diffuser, which 
had a known entrance area, and by measuring the settling 
chamber ores sure and temperature that correspond to 
stagnation conditions. 

Two other observations were .made. The pressure just 
inside the supersonic tip of the diffuser Was measured to 
make sure that the shock had passed down the diffuser and 
that supersonic flow existed in the contracting portion. 

The flow in the nozzle and into the diffuser was observed 
with a schlieren system to check visually whether the 
shock had entered the diffuser. 

In order to make a test, the nozzle was brought up 
to design speed by increasing the pressure in the settling 
chamber p 0 to some va.lue that ’was held constant through- 
out the test. The throttling valve behind the diffuser 
cone was open and the shock passed down the diffuser, if 
the contraction ratio permitted, and stopped at some place 
in the diffuser cone. The throttling valve was then 
slowly closed, thus increasing the pressure at the end of 
the cone and pushing the shock upstream to lower and 

lower Mach numbers. When the shock had been moved upstream 
as far as possible, that is, just downstream from the 
minimum section of the diffuser, pp reached its maximum 

value. Although p f was increased during this process, 

the mass flow through the diffuser was not affected because 
the flow was supersonic into the diffuser tip. When the 
valve was closed farther, the shock wave passed the mini- 
mum section and suddenly moved out In front of the diffuser. 
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The rnsss flow immediately dropped ( and continued to drop 
as the valve was closed farther) end the pressure inside 
the diffuser tip immediately jumped to a subsonic value. 

The results of a typical test are presented in fig- 
ure 7 . The breaks in the mass -flow and tip-pressure 
curves give an excellent indication of when the diffuser 
was operating at maximum efficiency end when it failed 
to act as a supersonic diffuser. The -slight change in 
mass flow while the diffuser was operating was due to the 
fact that the pressure in the settling chamber varied 
slightly from the beginning to the end of the test run. 
The curves indicate that a given diffuser may have any 
value of total-head recovery, up to a certain maximum, 
depending upon the position of the shock. Therefore, the 
obvious method of comparing the performance of a number 
of diffusers is to compare their maximum recoveries. 


RESULTS AND DISCUSSION 


The primary design oar.ameter of a supersonic diffuser 
is its contraction ratio, which determines the minimum 
Mach number at which the supersonic diffuser operates and 
the amount of compression that’ the entering air undergoes 
before it must negotiate the normal shock. If the con- 
traction ratio of a diffuser is increased, the minimum 
Mach number at which it operates theoretically increases 
as shown in figure 3 . The minimum Mach numbers at which 
a number of diffusers were observed to operate and the 
Mach numbers at which they first failed, to operate are 
shown in figure 3 . The points so plotted give excellent 
agreement with the theoretical contraction-ratio curve. 

As was coin ted out previously, the effect of contrac- 
tion ratio upon the performance of a supersonic diffuser 
should be approximately as shown in figure ip. The observed 
performances of three diffusers with different contraction 
ratios are plotted in figure 8 . The effect of contraction 
ratio is very similar to the approximate theoretical 
results shown in figure i|_. The indicated discrepancy 
between experimental and theoretical results is probably 
chiefly due to losses in the subsonic portion of the 
diffuser. 

After the contraction ratio of a supersonic diffuser 
has been fixed according to the minimum Mach number at 
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which it must operate, two other parameters - the entrance- 
cone angle and the exit-cone angle - may be considered. 

Owing to the difficulty of measuring the exact 
entrance angles on the small diffusers tested, the data 
evaluating the effect of the entrance-cone angle are not 
considered quantitative and are not presented herein. 

The trend observed, however, was that the larger the 
entrance-cone angle, the better the performance of the 
diffuser. Further experiment is needed to determine the 
optimum entrance-cone angles although, for the three 
diffusers of figure 8, the entrance-cone angles are 
probably so close to the optimum that no large gain in 
recovery could be expected from a change in this parameter. 
In the diffusers tested, the internal shape was faired in 
a smooth curve between the entrance cone and the exit cone. 
The curve was close to a circular arc and started very near 
the leading edge of the entrance cone. 

Two diffusers of equal contraction ratio and entrance- 
cone angle but different exit-cone angle were tested. The 
oerf ormences of the two diffusers with exit-cone angles 
of 5 ° snd 3 ° are plotted in figure 9 * The diffuser with 
an exit-cone angle of 3° was found to give consistently 
higher recoveries. As is pointed out in reference 'j , the 
boundary layer is thick after a normal shock and therefore 
the pressure recovery in the subsonic cone must be slow 
to prevent separation. The slightly different shape of 
the performance curve of these diffusers when compared 
with the other diffusers reported (fig. 8) may be due to 
the fact that, although the two diffusers correspond 
closely to each other except for exit-cone angles, they 
do not correspond to the other three diffusers. 

The total-heed recoveries measured in the experiments 
were transformed into energy efficiencies. The energy 
efficiency f, is defined as the percentage of available 
kinetic energy recovered in the diffusion process or the 
kinetic energy .of an expansion from the pressure at rest 
after diffusion p^ to the pressure at the entrance of 

the diffuser p e divided by the kinetic energy of an 
exp axis ion from the initial chamber pressure p 0 to p e . 

Because no external work is done, the whole process of 
expansion and diffusion is a throttling process and the 
stagnation temperature T 0 is the same after diffusion 
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as in the settling chamber. The equation for the energy 
efficiency may be written 


The symbols are defined in appendix 3. When - 3*5> 


where M is the Mach number of the flow entering the 
diffuser . 

The efficiencies obtained by equation (1) are compared 
in figure 10 with the typical efficiencies (converted to 
efficiency as defined in equation (l))of the work previously 
done with supersonic diffusers presented by Crocco in 
reference 1, the efficiency cf a normal shock (combined 
with compression to rest without further loss), and the 
approximate maximum theoretical efficiency for constant- 
geometry diffusers previously derived. Figure 10 shows 
that the normal-shock efficiency may be exceeded end that 
energy recoveries of over 90 percent can be obtained up 
to a Mach number of 1.85; thus, the results presented for 
supersonic diffusers in reference 1 are far too conservative 
for diffusers that have no initial boundary layer. 


An investigation of the deceleration of air in channels 
from supersonic to subsonic velocities was conducted. A 
channel flow involving the shock-free deceleration of a 
gas stream through the local speed of sound was found to 
be unstable. A stable flow probably involves a normal 
shock in the diverging part of the diffuser. The losses 
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involved in this normcl shock can be minimized by making 
the throat area as small as possible for a given entrance 
Mach number. The maximum contraction ratio that permits 
starting of supersonic flow at a given entrance Mach 
number has been calculated and checked very closely by 
ex oeriment . 

With the use of these results, diffusers were designed 
which, starting without initial boundary layer, recovered 
over 90 percent of the kinetic energy in supersonic air 
streams up to a Mach number of I.85. 

Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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APPENDIX A 


CALCULATION OP MAXIMUM PERMISSIBLE CONTRACTION RATIO 


It can be shown that 
Mach number M is 


the mess flow oer unit area at 


PV 

p e a c 


+ 



( 2 ) 


where the s;/xnbols are del'ined in appendix B. 

The isentropic area-contraction ratio from a Mach 
number M to the local velocity of sound is then 


( pV)y- I 
( PV 


(3) 


where pV is computed from equation (2). 

When air crosses a shock wave, its stagnation 
temperature is uncharged; hence, the reduction in possible 
mass flow per unit area, from equation (2) and the perfect 
gas law, is proportional to the total-head loss across 
the shock. The total-head ratio p Q across a. normal 

shock wave can be shown to be 


PB 

Po 



( v + 
V Y - 


y+I 2y 

iy- 1 ^ 


/ V - 




( 1 +) 


Multiplying equation (I 4 ) by expression (3) gives the 
maximum contraction ratio that permits supersonic flow to 
start in a diffuser. This quantity is clotted in figure 2. 
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APPENDIX B 
SYMBOLS 

ratio of specific heat at constant pressure to 
specific heat at constant volume 

density- 

velocity of sound 

velocity 

Mach number 

specific heat at constant pressure 

gas constant 

efficiency 

t 

pressure at entrance of diffuser 

pressure at rest after diffusion 

initial chamber pressure 

total head after normal shock wave 

pressure at internal leading edge of supersonic 
diffuser (see fig. 7) 

design Mach number of supersonic diffuser; that 
is, minimum starting Mach number of diffuser 
with given contraction ratio 

entrance angle of diffuser (see fig. 6) 

exit angle of diffuser 

dimensions used in fig. 2 

contraction ratio (see fig. 2(b)) 
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S passage area 

T temperature 

The subscript o refers to initial stagnation conditions. 
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Figure 1.- Isentropic-mass-flow ratio as a function of Mach number. 
Mass flow measured throug-h area S at Mach number M; p_, density; 
a 0 , speed of sound at initial stagnation conditions. 
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(a) Reversed Laval nozzle with isentropic flow (unstable). 
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Stable supersonic diffuser 
h 2 
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Flow in a converging-di verging diffuser. 
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Figure 5 *“ Contraction ratio permissible for c ons tant- ge ometry supersonic 
diffusers. Tailed symbols represent Mach numbers at which the diffusers 
failed to operate; plain symbols represent minimum Mach numbers at whicn 
diffusers operated. 
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Figure i|.- Theoretical performance by approximate method of five supersonic diffusers 
with maximum theoretical contraction ratios c orrespond ing to minimum starting or 

design Mach numbers of 1.0, 1.4, 1.8, 2.2, and 2.6. Vertical lines indicate design 
Mach numbers. 
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Figure 5*“ Schematic diagram of apparatus used to test supersonic diffusers. 
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Figure 7*“ Performance of a supersonic diffuser during typical test 
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Figure 8.- Performance of the three diffusers shown in figure 6 
with exit-cone angles of 3°. r, ent ranee- cone angle. 
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9 -- Effect of exit-cone angle on the performance of 
equal contraction ratios and entrance-cone angles. 


two supersonic diffusers 
6, exit-cone angle. 
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Figure 10.- Comparison on an energy basis of diffusers tested 

with theoretical results and with results of former experiments. 
Experimental points are from same tests as those shown in 
figure 8. 
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